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ABSTRACT

Multi-attribute datasets are common and appear in many important scenarios for data analytics. Such
data can be complex and thus difficult to understand directly without using visualization techniques. Existing
visualizations for multi-attribute datasets are often designed based on attribute types, i.e., whether the
attributes are categorical or numerical. Parallel Coordinates and Parallel Sets are two well-known techniques
to visualize numerical and categorical data, respectively. However, visualization for mixed data types appears
to be challenging. A common strategy to visualize mixed data is to use multiple information-linked views, e.g.,
Parallel Coordinates are often augmented with maps to explore spatial data with numeric attributes. In this
paper, we design visualizations for mixed data types, where the dataset may include numerical, categorical,
and spatial attributes.

The proposed solution SET-STAT-MAP is a harmonious combination of three interactive components:
Parallel Sets (visualizes sets determined by the combination of categories or numeric ranges), statistics
columus (visualizes numerical summaries of the sets), and a dataset-specified map view (geospatial map view
for spatial information, heatmap for pairwise information, etc.). We also augment the Parallel Sets view in
two main ways: First, we impose textures on top of colors, which are spread into the other views, to enhance
users’ capability of analyzing distributions of pairs of attribute combinations. Second, we limit the number
of sets for each axis to a small number by merging some of them into one and limit the sizes of the merged
sets to improve the rendering performance as well as to reduce users’ cognitive loads.

We demonstrate the use of SET-STAT-MAP using different types of datasets: a meteorological dataset
(CFSR), an online vacation rental dataset (Airbnb), and a software developer community dataset (Stack-
Overflow). We provide design guidelines based on the results of the analysis of the performance from both
visual analytics and scalability aspects. To examine the usability of the system, we collaborated with mete-
orologists, which reveals both challenges and opportunities for SET-STAT-MAP to be used for real-life visual

analytics.
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1 INTRODUCTION

The availability of big data requires people to deal with a large amount of information to make decisions
in business and industries. Data visualization is a technique to help people understand specific data through
visual observation, which reduces noise and highlights the information that people actually want. Therefore,
by using visualization techniques, people can understand data easily and efficiently.

Multi-attribute datasets are common in real-life data analytics scenarios such as datasets of student
performances and demographics, hotel attributes and reviews, medical examination reports, etc. Such data
are often explored visually due to humans’ ability to rapidly comprehend and detect patterns in visual scenes.
However, the preferred choice of visualization varies depending on the data attributes. A traditional approach
to visually explore numeric data is to use statistical charts or a scatter plot matrix, where each entry contains
a scatterplot for the corresponding row and column attributes. Here we assume a numeric attribute to be
either continuous or to have many discrete values over a range. For categorical data, where an attribute
may have only a few discrete values or categories, a traditional way is to visualize a frequency matrix, where
each entry contains a value representing the number of data records in the row and column category. More
recent approaches to examine multi-attribute datasets are Parallel Coordinates [39] and Parallel Sets [40]
visualizations. These visualizations cleverly utilize the display space to show individual attribute information

in a compact way, as well as provide interactivity to explore attribute relationship patterns.

Parallel Coordinates: A Parallel Coordinates visualization represents each attribute using a vertical axis
and each data record as an z-monotone polygonal line or curve intersecting these axes according to the
values present in the record (Figure 1.1(a)). For a numeric dataset, a Parallel Coordinates visualization may
provide detailed information about individual attribute as well as their pairwise relationships. For example,
one can examine the value distribution of an attribute by examining the intersection points along the vertical
axis. The axes are usually reorderable and one can examine the potential relationships among two adjacent
attributes by examining the visual pattern appearing between the corresponding vertical axes.

A dataset with categorical attributes poses a problem to Parallel Coordinates since the lines can overlap
each other. For example, consider a dataset with three attributes (X,Y, Z), each consisting of two categories.
A Parallel Coordinates visualization of such a dataset will create at most 2 x 2 x 2 = 8 distinct polygonal

lines (Figure 1.1(b)), even when the dataset contains hundreds of records.

Parallel Sets: The Parallel Sets visualization is especially designed for categorical data. Instead of show-

ing individual data points, a Parallel Sets visualization reveals data frequencies by drawing parallelograms
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Figure 1.1: Parallel Coordinates visualizations with (a) numerical attributes and (b) categorical
attributes. (c) A Parallel Sets visualization.

between pairs of categories (Figure 1.1(c)). The width of the parallelogram is relative to the number of data
records that share those categories. This idea gives rise to the notion of sets. For example, let (x1,x2),
(y1,y2) and (21, 22) be the categories for the attributes X,Y, Z we considered earlier. Then for each i, j, k,
where 1 < 1,7,k < 2, a Parallel Sets visualization forms a set S;;, by collecting the data records that belong
to all three categories x;,y; and z;. Assume that the axis X,Y, Z are horizontally aligned. Then the set
Sijk is represented using two parallelograms: one corresponding to S;; and the other to Sj;. Here S;; is
a predecessor of S;. We refer to such a sequence of contiguous parallelograms as a ribbon. Based on the
context, sometimes a pair of ribbons may be interpreted as one ribbon being partitioned into two ribbons.
For example, in Figure 1.1(c), the two ribbons corresponding to Ss2; and Ssse may be interpreted as the
ribbon S,,y, being partitioned into ribbons Sy,,, and Sy, .,.

If the attributes are numeric, then a Parallel Sets visualization can be designed by transforming each
numeric attribute into a categorical attribute, where the categories are defined as value ranges [40]. For
example, the numeric attribute body weight can be transformed into categories: Underweight, Healthy

weight, Overweight and Obese.

1.1 Motivation

The booming computing resources, the popularity of social media, and the widespread use of technologies
provide businesses, industries, and even individuals a boost in the ability to collect heterogeneous data.
These data are typically large and complex with multiple attributes, which can be numerical or categorical.
Multi-attribute data are hard to understand and analyze. Data visualization has been playing a big role
in data analytics, which helps researchers to reveal patterns, focus on important information, and ignore
disruptions. People are already familiar with and have mature techniques to process different types of
homogeneous data into databases in specialized scenarios such as for multimedia datasets or medical records,

but designing a standard practice for visual exploration of multi-dimensional data with numerical, categorical,



and spatial attributes still has a long way to go. Researchers have been using various techniques to visualize
multi-dimensional datasets and some of these work perfectly in specific situations, but there is yet no widely-
adopted best practice to visualize such data. One of the main challenges for creating a standard visualization
for mixed data is that due to the variety of attributes, they often require multiple views to be integrated
harmoniously for effective exploration. The visualization that works for numerical data usually performs
poorly for categorical data, and vice versa. The problem becomes even more difficult when the data records
are associated with spatial and temporal information.

To work with mixed data types, one can investigate the numerical and categorical attributes separately
using different information-linked views, but it is hard to build relationships between views and if not designed
carefully, then it could be misleading and increase the effort to find useful information. To be more specific,
different visualizations of a dataset are visualized across different views simultaneously and interactions
(such as selection or filtering) in one view are reflected across multiple other views. This approach ensures
the flexibility of different visualization techniques being used within its most suitable situations and also helps
users to build relationships across views. However, an ill-designed visualization may significantly increase
users’ cognitive load, and mislead users with ambiguous or unclear information. This motivated us to examine

if we can find a balance between information interpretation and design complexity.

1.2 Research Questions
The thesis aims at answering the following specific research questions:

RQ1. How can mixed data with numerical and categorical attributes be harmoniously visualized such that

one can understand the following information?

A. Distribution of numeric attribute values and sizes of various sets determined by categorical at-

tributes.

B. Statistical summaries of the attributes and spatial distribution of data records (e.g., when the

data records are associated with spatial locations).

C. Potential pairwise relations among attributes, and possible extensions, i.e., their interactions over

a spatial domain.
RQ2. How should the visualizations appear when analyzing real-life datasets in various applied domains?
RQ3. What are the performance bottlenecks while building such visualizations and how to cope with them?

RQ4. What are the design considerations one must take when creating visualizations for mixed data?



1.3 Contribution

We propose a visualization SET-STAT-MAP for spatial data with mixed numeric and categorical attributes
combining the idea of Parallel Sets, statistical columns, map-based interactions, and multiple coordinated
view techniques (Chapter 3, RQ1). The Parallel Sets view displays the data records by grouping them into
sets (displayed as ribbons), which provides information about the relationships among data attributes and the
number of data records in each set. We rotate the Parallel Sets visualization (from vertically to horizontally)
to better link the sets determined by the last axis with the rows of the statistics columns. Each row of the
statistics columns provides statistical summaries of the numeric attributes for each category of the last axis
of the Parallel Set. By selecting a row of the statistics columns, one can examine the data records on the map
view. The interactive features (transformation of numeric attributes into categorical ranges, axis reordering,
color and texture selection, filtering based on map selections, etc.) allow users to explore the dataset by

generating visual configurations that best suit their needs.

We also proposed two enhancements for the Parallel Sets view. The original Parallel Sets visualization
only uses colors for ribbons to help users quickly distinguish categories from the first axis. Our first enhance-
ment adds textures relating to the second-axis categories to help users further analyze a pair of attribute
combinations. Our second enhancement to the Parallel Sets view is merging unimportant sets into one in or-
der to limit the number of possible set combinations, which provides better system performance and reduces

the user’s cognitive load.

We demonstrated the usability of SET-STAT-MAP with use cases from different domains: scientific, com-
mercial, and online forum. We chose a meteorological datasest for the scientific domain, an Airbnb dataset
for the commercial domain, and a StackOverflow dataset for the online forum (Chapter 5, RQ2). We evalu-
ated the performance of SET-STAT-MAP to find out its limitations and gave our suggestions according to the
system evaluation results (Chapter 5, RQ3). We show both the strengths and weaknesses of SET-STAT-MAP

when visualizing mixed data and provide guidelines to effectively use such a visualization (Chapter 6, RQ4).

When visualizing the meteorological dataset (Figure 1.2), users can easily find the yearly trend of a
weather attribute in a specific area; also, users can easily compare two different atrributes in a specific area
to see if they are related and how they relate to each other. When visualizing Airbnb dataset, users can
quickly get which area is more popular, is more expensive to rent, or having better user ratings. When
visualizing StackOverflow dataset, users can easily figure out which topics are discussed by more users, user
retention for each technology over time, and posible relationships between topics. However, first-time users
of SET-STAT-MAP might need some time to learn the system to understand the visualizations and to be

familiar with the interactions.
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Figure 1.2: Set-Stat-Map visualization for a meteorological dataset of Vancouver-Seattle region. The
variable maximum temperature, precipitation, and wind speed are selected. The month axis is sorted
based on maximum temperature in ascending order. The month of May is selected to show on the
map view.

1.4 Evaluation

An implementation of SET-STAT-MAP is available at GitHub. We evaluate our system in the aspects of
generalizability, performance, and usability. First, to evaluate the generalizability, we adapted our system
to datasets from three different domains that contain a combination of numerical, categorical, and spatial
data. Each dataset contains at least two of the three data types. We found that our system can generate
visualizations for datasets from all three domains with minimal effort. Then we evaluate the performance
by trying to use small and large datasets for each domain to test how the performance is affected by the
dataset size. We also try to display different levels of details, which need to render a different number of
view elements to find a balance between performance and user experience. Our evaluation suggests that
our system can provide reasonable details with real-time user interactions to obtain insights into the data.
Finally, we evaluate the usability by giving our system to experts, where we let them explore the system and
ask them to explore and perform some tasks using our system. From their feedback, our system shows its

value to help experts analyze complex multi-dimensional datasets in specific areas.

1.5 Chapter Organization

This thesis is organized into seven chapters, including the current chapter. In Chapter 2, we discuss some
existing methods of visualizing multi-dimensional datasets, which we arrange by four different themes. We
first present axis-based techniques that provide detailed and accurate information about each dimension in
the datasets. We discuss traditional axis-based techniques could be challenging to explore when visualizing

datasets with more than three dimensions, yet some newer techniques, such as Radar Chart and Parallel
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Coordinates, can provide smart solutions for it. Then we discuss set-based techniques, such as Parallel Sets
and Bubble Set, which group similar data records into sets to help reduce users’ cognitive load. After that,
we present table-based techniques. Table-based solutions can provide all detailed information at the cost of
lacking intuitive graphical views. Finally, we discuss map-based techniques, which are useful for visualizing

datasets that contain spatial attributes and are usually used within multi-view visualizations.

In Chapter 3, we discuss how we designed SET-STAT-MAP. We first demonstrate its three main views.
The first view leverages the idea of Parallel Sets, which combines multiple groups of similar data records into
sets and presents them in a space-effective way. We also discuss some improvements and modifications of
our version of Parallel Sets. The second view, Statistics Columns, visualizes a set of numerical attributes in
a table-like manner, which has various heights that match the height of the last axis of the Parallel Set. The
third view is the map view, which is used to demonstrate spatial information in the dataset and provides
some user interactions that can affect the other two views. We then talk about how we make all three views
work as a whole and how users can interact with the system. Finally, we discuss the design rationale that

makes the multi-view visualization works.

In Chapter 4, we talk about how we process the data and implement the system. We first gather the
raw data from different domains, which may be of any format and could contain information that we do
not need. After gathering the raw data, we write scripts for each type of raw data to clean and restructure
it and store it in an SQLite database file in a tabular manner. We then build our visualization for each
domain based on the processed data format. For most cases, we combine the data processing and the data
visualization into a single web-based solution, so that users only need a browser to access the whole system.
Finally, we conduct development iterations for the meteorological dataset with feedback from experts in the

meteorological domain, and for the other datasets with general participants.

In Chapter 5, we conduct the performance and usability evaluation of the system. To evaluate the
performance, we first run multiple test cases and record the statistics in aspects of visual complexity and time
complexity. We then plot the collected data to analyze the performance and give our suggestions. To evaluate
the usability, we adapt the system to three different dataset types. The first one is a meteorological dataset
in Canada, which contains information about temperature, humidity, solar radiation, etc. We generated
datasets for British Columbia, Saskatchewan, and Ontario. The second one is from StackOverflow, which
is a software developer community. It contains information about users’ locations, topic, the year count of
user’s profile creation, etc. The third one is about Airbnb, a well-known online vacation rental service. The
dataset contains price, feedback, location, etc. We load a dataset of Calgary into our system. For each use
case, we discuss if it fits our visualization and how experts think it can help them to better understand the

dataset.

In Chapter 6, we discuss how and why we choose to design our system in the current way. We point out
some key factors of designing our visualization and discuss the pros and cons of different potential decisions

that we could make for them. We also talk about the potential future works that may improve the system.



In Chapter 7, we summarize this thesis. It recalls the problem and the major contributions.

1.6 Declaration

Throughout this document, the term ”we” refers to the author and the reader following the theoretical
computer science norm for scientific writing.

A preliminary set of the results has appeared in the proceedings of 2022 IEEE 15th Pacific Visualization
Symposium (PacificVis) [59] and in the Journal of Visual Informatics [43].



2 RELATED WORK

Previous research has explored different ways to visualize multi-dimensional datasets. Most traditional
techniques rely on traditional charts, plots, or different coordinate systems to provide detailed attribute
information for each record, some try to embrace the idea of sets in order to show the big picture of the
dataset in a clearer and simpler way, and some try to apply multiple views as a whole, which overcomes
some limitations of single-view visualizations. In this section we discuss the literature research into themes
— axis-based, set-based, dimensionality reduction based, table based, map based, and multi-view based

techniques.

2.1 Axis Based Techniques

Coordinate systems have been widely used to visualize two and three-dimensional data for years, which
proved their value in visualizing accurate details for such data types. A coordinate system uses its axes to
hold possible values of both numerical and categorical types, and it presents data records at the intersection
of a set of attributes (one from each axis). In general, for k attributes, one can construct (g) scatterplots to

examine pairwise relations.

2.1.1 Extending Statistical Plots

For some simple cases, extending existing two-dimensional visualization techniques gives a straightforward
solution. For example, a bar chart is commonly used to visualize two-dimensional datasets. One can apply
different colors or textures to display an extra dimension. The discrete colors and different patterns of
textures can be used to demonstrate categorical attributes; the gradient of colors and density of textures are
sometimes used to map numerical attributes. Another example can be a scatter plot, which is also used to
visualize two-dimensional data. However, one can use different shapes, colors, and sizes to make it to be able

to display information for more dimensions.

2.1.2 Radar Chart

Radar chart [46, 50] extends the idea of coordinate systems, where each axis is put in a circular manner sharing
the same origin point to overcome the limitation of the standard 2D or 3D Cartesian coordinate systems.
Each data record is represented as a polygon with vertices lying on various axes depending on the record’s

value at that dimension. Overlaps of the polygons can show the similarities between different data records.
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Figure 2.1: The same data of three students’ academic performance is shown by bar chart (left) and
by radar chart (right), respectively.

Figure 2.1 is an example of the same dataset being presented by bar chart and radar chart, respectively. In this
example, the radar chart not only clearly shows the similarities between different students by their overlaps
but also shows the values of each attribute by the intersections on its axes. However, when the number of

data records gets larger, it fails because too many overlaps make the visualization indistinguishable.

2.1.3 Parallel Coordinates

In a Parallel Coordinates visualization [39], axes are placed parallel to each other, where each data record is
presented as a polygonal line. Compared to radar charts, a Parallel Coordinates visualization more efficiently
utilizes the space, i.e., it provides uniform space (instead of a cone-shaped region) between a pair of adjacent
axes, and the line patterns between adjacent axes are easily comparable since they are parallel to each other
(instead of being arbitrarily rotated). Line overplotting (when the number of data records is large) and
axis ordering (choosing a linear ordering that represents the most interesting pairwise relations) are two
common problems in a Parallel Coordinates visualization. A number of research works attempted to leverage
Parallel Coordinate to effectively visualize categorical attributes [49, 62]. We refer interested readers to [37]
for a survey on various extensions of Parallel Coordinates visualization. Figure 2.2 (left) shows a Parallel

Coordinates visualization with six axes.

2.1.4 Box Plot

Box plot [61, 47] is a graphical representation that gives information about the distribution of data. It
could look slightly different in various implementations, but they usually contain the following information in
common: the minimum, the first quartile, the median , the third quartile, and the maximum of the dataset.
Figure 2.3 (left) shows an example of box plot that shows distribution of student’ grades for two classes.
In this example, the filled box area stands for the range from the first quartile to the third quartile. The
horizontal line inside the box stands for the median of its corresponding data. The two separate horizontal

lines at the top and at the bottom, which are connected with vertical lines, stands for the minimum and
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Figure 2.2: Parallel coordinates visualization [6].

maximum value of the data, respectively.

2.2 Set Based Techniques

It is also important to quickly understand the big picture of a large-scale multi-dimensional dataset, such as
the similarities and relationships of data records across different attributes. To achieve such a goal, researchers
tried to embrace the idea of sets in multi-dimensional data visualizations. Set based techniques for visualizing

multi-attribute data construct sets based on various-category combinations[18].

2.2.1 Venn Diagram

The most common and traditional set visualization technique is Venn Diagram [22, 32]. It uses multiple
ellipses with overlaps to show different sets and their intersections. By extending the idea, the shapes it
contains can be any complex polygons [32, 55]. Figure 2.3 (right) demonstrates a Venn Diagram with six
sets using complex polygons. The area of those shapes can demonstrate the size of sets and intersects, and
sometimes colours are added as well to make sets more distinguishable. Even though we can use complex

polygons, it becomes unclear when the number of sets gets larger.

2.2.2 Parallel Sets

Parallel Sets [40] is a good example of using sets to visualize multi-dimensional datasets, where it is possible
to define a set for any category combination that contains one category from each attribute. Since Parallel

Sets visualization use parallelograms to connect adjacent axes, the visualization quickly becomes occluded as

10
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Figure 2.3: Box plot showing the distribution of students’ grades for two classes (left); Venn Diagram
visualization with six sets (right) [13].

the number of categories grows. Therefore, Parallel Sets are most suited for categorical attributes with only a

few categories. Figure 2.4 shows an example of Titanic survivors visualized with the Parallel Sets technique.

2.2.3 Bubble Sets

Spatial data are often visualized on maps. Bubble Sets [23] is an example that visualizes contours (implicit
surface) for every category (set) that encloses all its elements and excludes all other elements if possible.
Thus multiple category combinations can be visualized directly on a map showing how the elements of each
category are spatially distributed. However, such an approach is not as suitable as Parallel Sets in revealing
frequency information and relationships among two categorical attributes. Region based set visualization
approach [17, 16] may create cluttered visualization only for a few categories for irregular and meandering

regions. Figure 2.5 demonstrates how one can overlay Bubble Sets on the map.

2.3 Dimensionality Reduction

Dimensionality reduction [58] is a technique that transforms a multi-dimensional dataset from a high-
dimensional space to a low-dimensional representation, which should still maintain similar distances or map
similarities to proximities among data points. After doing dimensionality reduction, the axis becomes ab-
stract that does not stand for any specific dimensional information of the original dataset anymore. Thus,
even though it successfully helps people to understand similarities between data records, it fails when people
want to also understand the details of each attribute. There are multiple ways to do dimensionality reduction

and different algorithms can demonstrate different kinds of similarities.

11
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Figure 2.5: Bubble Sets overlays on a map showing hotels (orange), subway stations (brown), and
medical clinics (purple) in lower Manhattan. [23]
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Figure 2.6: Plotting MDS (left) vs. t-SNE (right) for a digits dataset [5]

2.3.1 Multi-dimensional Scaling

Multi-dimensional scaling (MDS) [24, 38] is widely used to visualize the similarity of data records in a multi-
dimensional dataset. It extracts the distance information between data records from the multi-dimensional
dataset and puts it into a lower-dimension Cartesian space. When using scatter plots, the less distance
between two points means a higher similarity between these two data records. Figure 2.6 (left) shows a digits

dataset plotted using MDS.

2.3.2 Principal component analysis

Principal component analysis (PCA) [15, 25] is another main method for dimensionality reduction, which
is similar to MDS. The major difference between MDS and PCA is the distance measurement. Instead of
focusing on the Euclidean distance of points like MDS, PCA focuses on the covariance of data and the result
would not preserve the distance between points. It would be the same compared to MDS if the covariance

of data and the Euclidean distance between data points are the same.

2.3.3 t-Distributed Stochastic Neighbor Embedding

The t-distributed Stochastic Neighbor Embedding (t-SNE) [57, 25] is a variant of Stochastic Neighbor Em-
bedding to embed high-dimensional data into low-dimensional space with clusters for similar data points. It
first defines a probability distribution according to the Euclidean distances of points from the high dimen-
sion, which stands for the similarity of the points. Then it gets probabilities for the low dimension, with a
heavy-tailed distribution. With these two probability distributions, we can get the joint probabilities that
minimize the mismatch between the high dimensions and the low dimensions. As a result, we get clearer

clusters of similar data points. Figure 2.6 (right) shows a digits dataset plotted using t-SNE.

13
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Figure 2.7: LineUp shows a ranking of the top universities in a 2012 ranking. [33]

2.4 Table Based Techniques

The spreadsheet provides a tabular visualization for the multi-attribute dataset, where the rows correspond
to the data records, columns correspond to the attributes, and each table entry is either a value or a category
of its column attribute. If the precise numerical values are not important, then replacing the numerical
values using horizontal bars and sorting the rows by the attribute of interest gives a quick overview of the
value distribution. However, sometimes tabular visualizations appear to be sparse and are not scalable with

increasing data size.

2.4.1 LineUp

LineUp [33] takes a step further and allows users to examine the ranks of data records, where a rank of a
record is determined by a weighted sum of its attribute values. To improve the scalability of the visualization,
LineUp allows users to collapse columns, and shows only the top 100 rows at a time whereas the rest of the
rows are shown in a compressed manner which can be explored using fish-eye selection [52]. Figure 2.7 shows

the main view of the LineUp visualization.

2.4.2 Table Cartogram

A table cartograms [31, 34, 30] is a weighted two-dimensional table that has transformed cell shapes so that
each area of its cell represents its weight. With the shape transform, it still somehow maintains the same
adjacency and relative positions. It can be a good choice to visualize tabular data with weights, but it can
get too skewed in some cases, which dramatically increases users’ cognitive load. Figure 2.8 shows a table

cartogram comparing to the geographical map and table.
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Figure 2.8: The map (top), the grid (lower left), and the table cartogram (lower right) visualizations
for the population of US for 2010. [13]

2.5 Map Based Techniques

Choropleth maps and proportional symbol maps [28] are commonly used methods to visualize spatial infor-
mation on a map. Although they are well-suited for uni-variate data, color blending and texture patterns
(for choropleth), and glyphs (for symbols) can be leveraged to extend these techniques for bivariate visual-
ization. Color blending is widely used in spatial analysis to find probable correlations between two geospatial
variables [29] and researchers have examined different ways to construct trivariate choropleth maps [53, 54]

and even 4-variate [63] maps.

Overlaying glyphs (icons, pie charts, and even complex textures) on a map is a popular way to visualize
multi-attribute geospatial information [21]. Typically, glyphs are designed to encode data into features that
can be perceived through preattentive visual channels [60]. Pexels, introduced by Healey and Enns [35],
encode multi-attribute datasets into perceptual textures with height, density, and regularity properties. In
general, the texture of varied contrast, density, and directionality [56, 42] are often used to visualize multi-

variate data.
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Figure 2.9: Visualizing relationships of movie genres using UpSet. [41]

2.6 Multi-view Based Techniques

Even though the visualizations above described perform very well in their suitable cases, single-view visualiza-
tions are still strictly limited. To provide even more information in a single visualization, researchers explored
the possibility of interactive multi-view visualizations. Nowadays, the use of multiple coordinated views is
becoming increasingly common in heterogeneous data analytics, e.g., environmental data exploration [20, 14]
and multivariate network visualization [43]. When users interact in one view, other views can be updated
based on their interactions. In such a visualization, every single view can deal with a specific job very well
and the limitation of a single view can be overcome by leveraging other views. In the following we give a few

examples of multi-view based visualization techniques.

2.6.1 UpSet

UpSet [41] is a good example of a set visualization approach using multiple views, which can be used to
examine complex multi-attribute datasets such as movie datasets. The user can construct a query using a
visual query builder, e.g., visualize movies that must include the category adventure, but not comedy. UpSet
first constructs all possible category combinations (sets) that satisfy the query and then uses those as rows.
The statistical summaries (e.g., average rating, release date) of each set is then visualized using separate
statistics column. UpSet supports multiple views, which are collapsible. For example, the users can choose
to visualize query records in a scatter plot or simply as a data table. A number of matrix and network based
visualizations [18] have been explored to further improve the scalability of set visualizations. Figure 2.9 shows

how UpSet visualizes a movie genres dataset.
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2.6.2 Geo-Coordinated Parallel Coordinates

A geographic map, coordinated with charts or a Parallel Coordinates view, is another example of taking
advantage of multiple views, where users can select a region of a map and examine the updated charts for
the selected dataset. Since multiple coordinated views can visualize different aspects of the same dataset
simultaneously, users can better comprehend the data. Such visualizations often lack methodological design
efforts and the final visualization becomes a collection of charts, plots, tables, and maps that do not look like
an integral part of the overall visualization and may immensely increase users’ cognitive load. We refer the
readers to [19, 48] for a rich body of research that examines design principals and usability issues of multiple

coordinated views.

2.6.3 Clone World

Software clone [44] means the repeated or nearly similar code fragments existing in a software system, which
is extremely common because it is highly likely being produced by copying and pasting code fragments during
software development. In order to understand software clones in a software system, one needs to understand
multiple aspects, such as relations between clones, relations between files, the evolution of clones, etc. As
a part of our preliminary investigation of challenging datasets, we designed Clone World [43], which is a
multiple interactive view software clone visualization to help people understand clones in a software system.
Clone World provides a large number of views, and these views are highly connected. People can search,
filter, and explore a software clone dataset in a single visualization. Figure 2.10 are the two main views of

Clone World.

2.7 Summary

There are already many techniques for visualizing multi-dimensional and spatial datasets. Some of them add
additional elements or mutate the visual arrangements for axis-based visualization techniques to be able to
visualize multi-dimensional datasets, such as radar charts and Parallel Coordinates. Another way to visualize
multi-dimensional datasets is to group the data into sets to focus on the big picture of a dataset. Examples
of this type of technique are Venn Diagrams, Parallel Sets, and Bubble Sets. Dimensionality reduction is
an efficient way to hide redundant information and highlight data points’ similarities for multi-dimensional
datasets, which creates clusters that converge similar points together and are usually plotted as scatter plots
for visualization. MDS, PCA, and t-SNE are widely used algorithms for dimensionality reduction. Tables
are natively used to visualize multi-dimensional datasets, which can be extremely helpful especially with
some tweaks. LineUp and table cartograms are two examples of tabular visualizations. Choropleth maps
and proportional symbol maps are commonly used for visualizing spatial information on a geographical map

but they are not designed to handle multi-dimensional datasets. Interactive multi-view visualizations take

17



advantage of different types of visualization and merge them harmoniously into a single system. UpSet,
Geographic map coordinated with charts, and Clone World are some examples of multi-view visualization
techniques. These existing techniques are good for their specific cases but perform badly when visualizing
multi-dimensional datasets with mixed data types (numerical, categorical, and spatial). Using interactive
multi-view techniques with other multi-dimensional visualization techniques could become a potential solution

to the challenge of working with large mixed-type multi-dimensional datasets.
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Figure 2.10: The main view (top) and clone evolution view (bottom) of Clone World.
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3 DESIGN OF SET-STAT-MAP

The SET-STAT-MAP visualization is partitioned into three views (Figure 3.1): Parallel Sets (left), statistics
columns (middle) and map view (right). We first describe the details of each view and then the coordination

among these views.
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Figure 3.1: Three views of a SET-STAT-MAP visualization: Parallel Sets (left), statistics columns
(middle) and map view (right)

3.1 Parallel Sets View

The visualization constructs a Parallel Sets view with vertical axes. The first, second and the last axes (when

ordered from left to right) are of most importance in our visualization.

Transforming numerical attributes to categorical attributes: The original Parallel Sets [40] showed
how value ranges can be used to adopt numeric attributes in a Parallel Sets visualization by allowing users
to specify value ranges of interest. We examine two additional options to automatically create such value
ranges: one is partitioning the range of the attribute into some equal parts, and the other is to partition the

range using quartiles. Both these two options (Figure 3.2) can be useful in practice.

Limiting the number of categories: A large number of categories for each attribute may create a large
number of ribbons in the original Parallel Sets visualization [40], which dramatically reduces the width of
the ribbons. It not only consumes expensive resources for rendering, but also makes some ribbons hard or

even impossible to see. To improve this situation, we apply a configurable ‘maximum category’ limitation
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Figure 3.3: Parallel Sets (left) without any merged set, (middle) with merged set, and (right) with
resized merged set. The number of categories at the last axis is limited to six, where the bottommost
category is the merged one.

for each axis and merge the remaining categories. This greatly reduces the number of ribbons that need to

be rendered. Figure 3.3 illustrates such an example.

In a default setting, we limit the number of categories per attribute to be displayed to a small number
a < 8. The rest of the categories are merged together and labelled as ‘other’. We set a small fixed width for
the merged section and reshape related ribbons, which greatly improves the available space for the categories
that have not been merged. Figure 3.3 (middle) and (right) show the difference between with and without

limitation of the merged section size.

Since not all the categories are now visible, an obvious remedy is to filter the categories based on users’
needs, however, it is also possible to scroll at an axis to add more categories from the bottom end (‘other’

section) whereas the categories from the top join the ‘other’ section.

In a worst-case scenario, this may require rendering o* ribbons, where k is the number of attributes. Hence
the performance (rendering speed and interactivity) may decrease significantly for five or more attributes
depending on the data. If more attributes are needed to be displayed, one can define a smaller value for «

(even can customize the parameter for each axis).
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Color encoding for the ribbons: We color a ribbon to represent its category on the first axis, which
follows the original Parallel Sets design [40]. More specifically, we assign each category on the first axis using
a distinct color. One can choose a color map based on the categories (qualitative color map for discrete
options, or diverging color maps for numeric ranges). Let o be the ordering of the colors from top to bottom.
We then color each ribbon based on which category it belongs to on the first axis. For a category (for any
attribute), there exists a vertical line interval intersected by a number of ribbons. The ribbons are ordered
based on ¢ such that while examining such an interval, users can quickly recall where these ribbons are

located at the first axis.

Texture encoding for the ribbons: We augment the original Parallel Sets [40] by adding texture to the
ribbons. The textures are rendered on the ribbons from the second axis. We assign each category on the
second axis using a distinct texture pattern. We then render a texture on each ribbon based on the category
it belongs to on the second axis. We allowed different texture patterns and they usually fit into one of three

types.

The first type uses arbitrarily chosen shapes for textures. For this type, the patterns can be circles,
crosses, lines, triangles, etc. It works great for categorical axes in a dataset that creates just a few ribbons
and each ribbon has enough vertical space to display the whole pattern, but, due to the complexity of these
patterns, it would become messy and indistinguishable when ribbons become more narrow. Figure 3.4 (left)

shows an example of the first type of texture pattern.

The second type maintains the same shape for all textures to provide a more clean and intuitive visu-
alization for numerical value based axes. Figure 3.5 shows three examples of this type of texture. The top
one uses dots for all textures but the opacity levels become larger when the value is larger; the middle one
also uses dots but their sizes are used to distinguish the value level; the bottom one uses lines with various
widths for different value levels. This type of pattern is likely to work best when the number of segments in
each axis is bounded by four, or we only care more about knowing which value is larger, because we cannot
easily distinguish the specific group of a texture pattern when more segments overlap and textures become

very similar.

The third type focuses more on distinctiveness between multiple textures while still keeping some clues
of value comparison. Figure 3.6 demonstrate a list of textures for this type, which combines shape difference
(nothing, dot, and lines), width difference, and angle difference. The rationale behind allowing the second
one (line-orientation pattern) is that for numeric ranges, the higher value ranges will naturally correspond
to a larger angle of inclination of the lines with the x-axis. If the number of categories is at most four, then
we use the first, third, fifth, and seventh patterns. Even when the categories correspond to some discrete
non-numeric options, this natural texture ordering is likely to allow users to easily recall their top to bottom

ordering on the second axis. Figure 3.4 compares the first type (left) and the third type (right).
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Figure 3.4: Parallel Sets (left) with arbitrary textures, and (right) with line-orientation based tex-
tures.

3.2 Statistics Columns View

The statistics column view consists of a set of numerical attributes. Each attribute is visualized in a column,
where the rows are determined by the last axis of the Parallel Sets design. The jth row in a column (i.e., a
cell) can be a box plot or a bar representing the summary statistic of the jth category of the last axis of the
Parallel Sets. The box plot gives information about the quartiles and data range, and the bar plot shows the
average value of the set (determined by the jth category) for the corresponding attribute. Figure 3.7 shows
an example of statistics columns with box plots for each cell.

The background of a cell is filled using a colour gradient using the colors present in the jth category. Let
I; be the vertical interval corresponding to the jth category. Then the width of a color range in the jth row
is determined by the proportion of interval taken by the corresponding ribbon at I;. We use the same color
order as it appears on I; and set the height of a cell to be equal to the length of I;.

The rationale behind coloring the background of the cells is to provide users with the composition details
for the categories of the first axis in the Parallel Sets design. Sometimes, the interval I; may be small and
thus the ribbons may be hard to inspect. The gradient fill leverages the cell space to ease such inspection.
The uniform cell space and linear ordering of the color gradients make it easier to compare various cell
compositions visually with each other.

Figure 3.8 shows the statistics columns for the Saskatchewan weather dataset for three different sorting
methods. Each column has its rows aligned to the last axis (Month) of the Parallel Sets view. The horizontal
color gradient of each row are showing the same information about ribbons connecting to each segment of the
last axis. The colours on segments of vertical axis are relatively hard to distinguish due to the limited height
(even worse when each segment has a different height). which becomes easy to understand when showing
horizontally on rows of statistics columns with a wider fixed space. When we click on a statistics column

header, it toggles unchanged/ascending/descending sorting method on the Parallel Sets view’s last axis for

23



MinTemp Precipitation

Precipitation

W7
W
‘«g)f{ .

4
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Figure 3.6: Illustration for the texture mapping for increasing data values (from left to right).
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Figure 3.7: Statistics columns with box plots for each cell.
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Figure 3.8: Box plot based statistics columns in unchanged monthly order (upper-left), sorted by
MaxTemp in ascending order (upper-right), and sorted by MaxTemp in descending order (bottom).

the attribute of the selected column.

When trying to show the color gradient background for statistics columns, we chose to use a special
gradient. For example, let us assume we have four colours picked from the hue wheel with equal distances
(0°,90°, 180°, 270°) that share 10%, 20%, 30%, and 40% of the total space respectively. If we show it directly
(Figure 3.9(a)), it clearly gives information that is supposed to be shown, but it looks too sharp and could
make the boundaries of the foreground plots indistinguishable. To solve such a problem, we applied colour
gradients between each color intersection (Figure 3.9(d)), which takes 20% space from each side. The reason
why we do not use a linear gradient for all colours is because mixing colours too much can make the ratios
of each colour unclear. For example, we can make a colour gradient having the first colour located at 0%,
the second colour located at 10% + (20%/2), the third colour located at 10% + 20% + (30%/2), and the

last colour located at 100%, which creates a gradient shown as Figure 3.9(b). It is easy to notice that the
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Figure 3.9: Color gradients

ratios of each colour are almost unrecognizable especially for the first and the last colour. Figure 3.9(c)
demonstrates a possible improvement of Figure 3.9(b). It locates the first and the last colour to the middle
of their corresponding spaces instead of the very beginning and the very end, i.e. 10%/2 instead of 0% and
100% — (40%/2) instead of 100%. It makes the first and last colour more recognizable but we still cannot
tell the relatively accurate ratio that each colour takes and what the original colours are, especially when we
are not sure how many colours are there and what these colours are. However, Figure 3.9(d) maintains most
parts of the original colours (at least 60% of the original colours are shown without blending) and we can see

a relatively accurate ratio of each colour while not making the background color intersections look too sharp.

3.3 Map View

The third component of SET-STAT-MAP is a map view, which usually provides more information from another
visualization perspective and gives users abilities to filter the dataset. This view is an excellent booster for
visualizing datasets that contain spatial information. In this view, it could show borders, a heatmap, a few
pins, etc.

For example, in a weather dataset, the data is geolocated (i.e., gridded with latitude and longitude
information) and displayed using colour gradient heatmap above a Google Map layer. The heatmap relates
to a specific category segment from an axis of the Parallel Sets view. (It makes the most sense when relating
to segments of the last axis, which equivalently stands for the corresponding row.) Once the user selects
a specific segment of a Parallel Sets axis, the heatmap cells containing those data records are displayed.
Figure 3.10 is an example of a map view that displays a textured heatmap based on the Parallel Sets view’s
selection, which uses the colours from the first axis of the Parallel Sets and the texture patterns from the
second axis of the Parallel Sets.

While putting density plots or heatmaps on maps is self-explanatory for geolocated datasets, however,
the encoding used in our heatmap requires further explanation. The heatmap provides users with an idea of
where the data points are located. The rationale behind using the colours and textures is to provide a sense

of connection with the other components, as well as to provide users with a distribution of the colors and
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Figure 3.10: Map view (right) shows a heatmap over a Google Map layer based on the Parallel Sets
view (left) selection (Month of June), where the colours and textures in the map view correspond to
the highlighted ribbons of Parallel Sets view.

textures. Such a distribution over a spatial domain allows users to examine how various pairwise combinations
of categories from the first and second axis relate spatially.

In addition to providing extra spacial information of the dataset, it can also act as an area filter. Fig-
ure 3.11 (top) shows the visualization without filtering the area (the black dashed lines stand for the bounding
box of the dataset); Figure 3.11 (bottom) shows how the visualization is slightly changed when the area filter

is applied on the map view (the grey rectangle).

3.4 Control Panel

For a specific SET-STAT-MAP application, we usually provide a control panel to give users the ability to
configure the visualization in detail. For different kinds of datasets, we would need to have different controls
to make SET-STAT-MAP to best fit our needs. Figure 3.12 (left) shows the control panel for the weather
dataset. It gives users the ability to configure ribbons’ opacity, texture pattern types, how the numerical
values should be grouped, which variables to be visualized, the order of visualized variables, and if an
additional visualization for comparison should be shown. Figure 3.12 (right) demonstrate the control panel

for a StackOverflow dataset.

3.5 Coordination

We coordinate the views by synchronizing the updates on different views. The standard interactions on the
Parallel Sets [40] have also been implemented in our design. Since the colors and textures on the ribbons
are based on the first and second axis, one can reorder the axis and choose the first or second axis based

on their need. Such an interaction simultaneously updates the colors of the statistics columns and heatmap.
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Figure 3.13: Example of Parallel Sets view using different axis ordering (note that the statistic
columuns view will also change according to the rightmost axis).

Similarly, changing the last axis of the Parallel Sets view changes the number of rows in the statistics column
based on the categories on the new last axis.

For example, changing the last axis of Figure 3.1 from monthly to seasonal (spring, summer, fall, and
winter) would create 4 rows in the statistics columns view instead of the 12 rows that it currently shows.
Removal of the month axis and using Wind as the last axis would also create 4 rows corresponding to the 4
intervals at the Wind axis. This happens also for the reordering of axes, see Figure 3.13.

A statistics column can be sorted by clicking on the column header. For different datasets or scenarios,
implementing the sorting method based on different statistical attributes (i.e., mean, medium, min, max,
etc.) might be useful. Sorting a column will reorder both the rows and the intervals of the last axis of the
Parallel Sets view. For example, in Figure 3.2, the MaxTemp column is sorted and the months are reordered
based on this sorting (instead of being chronologically ordered from Jan. to Dec.). The users can filter the
data records by drawing rectangles on the map view, which updates the ribbons in the Parallel Sets view

and the plots on the statistics columns (see Figure 3.11).

3.6 Design Rationale

The SET-STAT-MAP design follows Baldonado’s [19] guidelines for designing multiple coordinated views.
The three fundamentally different types of information (categorical, numeric, and geolocation) justify lever-
aging the three views (Parallel Sets, statistics columns, and map). This follows the rules of decomposition,
complementarity and parsimony, which suggests partitioning complex data into multiple views to ease user
comprehension, to provide complementary information to best leverage each view, and to use the views
minimally (avoiding adding a view unless there is a significant benefit that justifies the cost).

The SET-STAT-MAP design also follows the rule of resource optimization. We organize the views side-by-
side in a linear fashion, which creates a potential to provide (static or user interaction based) text summary

beneath the display. In addition, the user can compare two SET-STAT-MAP visualizations by placing them
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one on top of the other (Figure 3.11), which is useful to compare two map selections or two different datasets.
Furthermore, we limit the number of categories visible simultaneously to maintain the system’s interactivity.
The flow of colour and texture from ribbons to the statistics columns view’s rows and finally, to the map
make relationships among multiple views apparent to the user, which is aligned with the rule of self-evidence.
The rule of consistency can be observed from the synchronized view updates upon user interactions (axis
reordering, row sorting and map selection).

A novel interaction that SET-STAT-MAP introduces is interval selection. By selecting a vertical interval
of an axis in the Parallel Sets view, the user can render the information (data records) of all the ribbons
passing through that interval on the map. For the weather dataset, selecting such an interval (e.g., May)
on the last axis (Month) would render all the tiles corresponding to this month on the map. We can thus
see the spatial distribution of the first and second axis through color and texture distribution, respectively.
This is illustrated in Figure 3.14(top), where by selecting the interval May at the Month axis, we can observe
higher MaxTemp and precipitation at the south-west region and the opposite trend at the north-east region.
In fact, this selection operation generalizes to the intervals of all the axes of the Parallel Sets, e.g., selection
of the second interval of the Relative Humidity axis (Figure 3.14(bottom)) blends all the tiles corresponding
to that interval over all months to depict a yearly trend. The map view of Figure 3.14(bottom) illustrates
the yearly distribution of the first axis (MaxTemp) through the color distribution on the map, where we can
immediately see a high variation of temperature within the selected humidity range at the north-east map
region. However, using such an interval selection in the intermediate axis would require using simple textures

such as dots to avoid visual clutter due to texture overlap.

3.7 Summary

We design SET-STAT-MAP as a three-view interactive visualization. The first view is the Parallel Sets view
with vertical axes, which gives it the ability to connect to the second view. We transform numerical attributes
into categorical attributes by grouping ranges of numerical attributes into one category to better suit the
Parallel Sets technique. We also enhance the Parallel Sets view by adding textures for the second axis to
better help pairwise comparisons, merging less important categories into one to reduce the cognitive loads, and
limiting the max size of the merged category to help users to better focus on more important categories. The
second view is the statistics columns view that gives additional statistics information for specific categories
by box plot or bar plot on the background of color gradients relating to the Parallel Sets view. The third
view is the map view, which is normally a geographical map with overlays of Parallel Sets view’s colours and
textures to provide spatial information about the dataset. By interacting with each view, other views can be
updated based on users’ operations. Thus, SET-STAT-MAP is able to give information about both the big

picture and details with spatial representations for a mixed-type multi-dimensional dataset.
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Figure 3.14: Interval selection in Parallel Sets: (top) selection of a temporal range, and (bottom)
selection of a variable value range. The statistics columns are omitted for space constraints.
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4 IMPLEMENTATION

Our proposed solution includes at least three linked interactive views — an augmented Parallel Sets view,
a statistics columns view, and a map view — to better visualize the data. The augmented Parallel Sets view
provides the general idea of the datasets such as the structure, the distribution for each attribute, etc. The
statistics columns add additional information on the numerical attributes for the last axis subsets. The map

view can be designed differently based on different datasets, which can be a heatmap, geographic map, etc.

4.1 Used Technologies

Web Component: We implemented SET-STAT-MAP using multiple web components. A web component
bundles some HTML/CSS/JavaScript together into a JavaScript module that most modern browsers support
natively. Each web component, which contains its own logic and view, can expose attributes, properties, and
events to achieve the need for configuration and customization. As long as a developer is developing a modern
web app, no matter whether the project used any front-end framework (such as React, Angular, Vue, etc.)
or even just used vanilla HTML/CSS/JavaScript, the developer can easily integrate web components into

the project. We chose to use web components for maximizing compatibility and reusability.

StencilJS: To make the development more efficient and maintainable, we used a web component compiler
called StencilJS [11]. It provides some features that usually come with some front-end frameworks, such
as using templates, virtual DOM, async rendering, reactive data-binding, TypeScript, JSX, and static site
generation. However, instead of running a framework instance at the runtime, it compiles all codes into the

standards-based web components without unnecessary framework dependencies.

D3.js: For creating visual elements, we used D3.js [3], a popular JavaScript library to build interactive
visualizations, to better operate with SVGs and add interactive events for our visualization. D3.js also

provides some data processing functions to let us efficiently process and reformat datasets.

SQLite: Using databases is a great way to quickly and easily store and access large structured datasets, yet
traditional databases require a server to keep running. Using serialized files is another great way to store and
access data, but it usually requires developers to design all the details themselves and cannot take advantage

of SQL to achieve better accessibility and performance. SQLite [8] is a file-based database, it simply uses a
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data file and also provides the basic features of a SQL database. By using SQLite, we can store each dataset

into a single file, which can be opened by applications and efficiently queried with SQL.

SQL.js: We used SQL.js [9] for creating and querying SQLite database files directly on the browser. SQL.js
ports SQLite into web environment by compiling it as WebAssembly. WebAssembly is compatible with mod-
ern browsers, providing better performance than JavaScript, and can be compiled from non-web languages

(such as C, C++, and Rust).

4.2 Datasets

For each dataset, We first obtain the raw data. After that, we write a script (for each type of data) to process
and re-format the data. Then, the data is maintained using a single SQLite database file, containing a single

table with columns for all necessary attributes.

Meteorological Dataset: The raw data is obtained from Global Weather Data for SWAT [4], which is
a website providing CFSR (Climate Forecast System Reanalysis) data from 1979 to 2014. By using their
tool, we choose a rectangular area and a time interval that we are interested in. Then we get a set of
CSV files from the website. For each selection, the website gives us a ZIP file that contains a set of CSV
files (Figure 4.1). Each CSV file is named with its coordinate, stands for a location point, and contains
its date, coordinate (latitude and longitude), elevation(m), max/min temperatures(°C'), precipitation(mm),
wind level(m/s), relative humidity(fraction), and solar level(M.J/m?) (Figure 4.1). We use a script to
merge all files together and calculate the average or sum (depending on the attribute type) of all days for
each month, which transformed the Date attribute into a Month attribute, to produce a single-table SQLite
file (Figure 4.3). The longitudes and latitudes of each data point are approximately 36 km away from the
other data point (data are at 36 km spatial resolution). Most attributes are numeric values for each date and
geolocation, and hence ideal to test the functionality of SET-STAT-MAP on a predominately numeric dataset

with spatial attributes.

B Name Date modified Type

5 weatherdata-492-1016 2022-07-11 11:47 AM Microsoft Excel Com...
X weatherdata-492-1019 2022-07-11 11:47 AM Microsoft Excel Com...
ﬁ weatherdata-492-1022 2022-07-11 11:47 AM Microsoft Excel Com...
Xf weatherdata-492-1025 2022-07-11 11:47 AM Microsoft Excel Com...

a weatherdata-492-1028 2022-07-11 11:47 AM Microsoft Excel Com...

Figure 4.1: Sample of CSV files of the raw weather dataset.
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Date

1/1/2013
1/2/2013
1/3/2013
1/4/2013
1/5/2013
1/6/2013
1/7/2013
1/8/2013

Longitude
-101.
-101.
-1e1.
-1e1.
-lel.
-1e1.
-101.
-101.

561996459961
561996459961
561996459961
561996459961
561996459961
561996459961
561996459961
561996459961

Latitude
.1759986877441
.1759986877441
.1759986877441
.1759986877441
.1759986877441
.1759986877441
.1759986877441
.1759986877441

Elevation

Max Temperature

-0.951999999999998

-1.548

-2.78800000000001
-4.47800000000001
-4.17000000000002
©.5241000000000001

Min

-15.
-14.
-14.
-15.
-15.
=7l

Temperature

585
328
959
373
025
004

-6.0319999999999823 -8.887
-8.57600000000002 1.493454384

©.896999999999991

Precipitation wind
5.
-46520764564798
.9361930192181
.19515787328919

.4334449104
.4144904144
. 00686646

. 890063856
.0866890368
-2652168204

96112427647829

-37275994894222
-14044960252787
-23553232880711

Relative Humidity

.92874171772737

.927767451566347
.887367244032565
.899318876313946

.926582266534424
.928749236462979
.939718676248618

Solar

. 69357711092

+399445395296
.286281519024
.236414545176

798694733552

.547662103816
-293204705252
- 639955406004

) 4
5 ) 4
6 ) 6
3 ) 6
4.57144252289747 0.939120753150416 4.
5 ) 5
7 ) 4
8 ) 3
a ) 5

1/9/2013 -101.561996459961 .1759986877441 ©.9941000000000028 -8.80599999999997 @.23345955 -83842747606909 ©.943852298685796 5.74900382034

Figure 4.2: Sample of a CSV file of the raw weather dataset.

¢ Date Longitude Latitude Elevation MaxTemperature MinTemperature Precipitation RelativeHumidity Solar

201301 110 49.17500868774412 019 -2.510612903225806

-11.22006774193548

0.8747

6.134419548036421

201301 -100.68800354003005 491

0868774412 929 5 11

6.067850:

201301 49.1759

8774412 919 -2.9537419354838708 -12.401903225806455

201301 49.17599868774412 936 -3.02 0 12.550451

226

201301 49.17509868774412 899 -3.2139999999999955 12.75132258064516. 36.4085194572

201301 49.17599868774412 889 -3.4462580645161256 -12.738483870967745 42.00211248480001 4.607863797087499 08 612

201301 884 3 1280

-12.68877419354830 45.4

040001

201301 -107.81199645996095 849 3

45.47824143

01 0.888071544142698

201301 1075 49.17509868774412 802 -3.7172903225806

86 43.710996301200005 0.887 6.026533673773355

201301

49.17599868774412 044 ~4.0552258064516105 42.97886982360001

0.8806481191667998 5.963757454419677

Figure 4.3: Sample of the process SQLite file of weather dataset.

Airbnb Dataset: Airbnb is an online vacation rental service. We use a dataset for listings over Calgary,

which contained 2521 listings from Dec 12, 2019. We get a set of CSV files (Figure 4.4) from Tom Slee [12, 1],
each of which contains data of a specific date. For each date, it gives the following information (Figure 4.5).

See [1] for the details.
e room_id: This is the unique identifier for a listing.
e host_id: This is the unique identifier for a host.
e room_type: Could be “Entire home/apt”, “Private room”, or “Shared room”
e borough: A sub-region of the city.
e neighborhood: A sub-region of the city.
e reviews: The number of reviews.
e overall satisfaction: The average rating (out of five) of reviews.
e accommodates: The capacity of guests.
e bedrooms: The number of bedrooms.
e price: The price (in $US) for a night.
e minstay: The minimum days to stay.
e latitude and longitude: Coordinate of the room.

last_modified: The time that the data is fetched from the Airbnb site.

We then merge all CSV files together and store them into an SQLite database file (Figure 4.6).
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B nName Date modified Type

¥B tomslee airbnb_calgary 0542 2016-08-22 2022-07-11 12:01 PM Microsoft Excel Com...
xf tomslee airbnb_calgary 0554 2016-09-11 2022-07-11 12:01 PM Microsoft Excel Com...
g tomslee_airbnb_calgary_0579_2016-09-21 2022-07-11 12:01 PM Microsoft Excel Com...
g tomslee_airbnb_calgary_0624_2016-10-27 2022-07-11 12:01 PM Microsoft Excel Com...

xE tomslee_airbnb_calgary 0679_2016-12-09 2022-07-11 12:01 PM Microsoft Excel Com...

Figure 4.4: Sample of CSV files of the raw Airbnb dataset.

1 room_id host_id room_type borough  neighborhood reviews overall satisfaction accommodates bedrooms price minstay latitude longitude last_modified

2 14284765 73214881 Private room NORTHWEST ARBOUR LAKE 16 5.0 2 - 28.0 1.0 51.139116 -114.204809 2016-09-11 17:35:48.507378
3 3410920 17198178 Entire home/apt CENTRE BELTLINE 0 - 159.0 1.0 51.03866 -114.069495 2016-09-11 17:31:04.435491
4 8351795 15098443 Private room CENTRE RAMSAY 16 5.0 . 52.0 2.0 51.031688 -114.045527 2016-09-11 17:25:43.954284
5 4383647 22758997 Entire home/apt CENTRE RAMSAY 86 5.0 . 95.86 2.0 51.033107 -114.04803 2016-09-11 17: 40.492526

6 10801124 21258369 Private room WEST ROSSCARROCK 25 4.5 o 29.0 1.0 51.03939 -114.143842 2016-09-11 17:25:29.584901
7 5916281 29711333 Private room NORTHEAST FALCONRIDGE 5.0 - 41.6 1.0 51.102028 -113.937122 2016-09-11 21.924587
8 14359693 29463160 Entire home/apt NORTHWEST ARBOUR LAKE 5.0 - 55.0 2.0 51.143136 -114.188877 2016-09-11 17:25:12.779159
9 2159077 3149904 Entire home/apt CENTRE CRESCENT HEIGHTS . 118.0 2.0 51.053612 -114.057184 2016-09-11 17:25:11.900581
10 3251078 14520053 Entire home/apt CENTRE BELTLINE . . 65.0 2.0 51.041039 -114.072112 2016-09-11 17:25:08.592655

Figure 4.5: Sample of a CSV file of the raw Airbnb dataset.

StackOverflow Dataset: The raw data is obtained from StackOverflow from 2008 to 2018, which contains
all users’ posts of questions and answers [45]. We get a single CSV file (Figure 4.7), which has columns of id
(a unique identifier), profile creation date, developer name, location of the developer, and the technologies
used for each year (from 2008 to 2018, each year as a separate column). Then we process and re-structure
it to generate an SQLite dataset file (Figure 4.8), which only has four columns (Userld, Tech, Year, and

Location) for easy understanding and querying.

4.3 Development Iterations (Meteorological Dataset)

To ensure SET-STAT-MAP can be helpful in real-life cases, we initiated a collaboration with two environmental
scientists: one within the School of Environment and Sustainability, and another scientist from the Global
Institute for Water Security. Due to their field of research, the cooperation focuses mainly on weather dataset
visualization.

We first demonstrate our system to them, and we observed the need for several meetings so that they
become comfortable with using the system. We set weekly one-hour meetings over three months so that
they can suggest modifications to SET-STAT-MAP. A major challenge that we noticed is that the experts
took about three to four meetings before they could comprehend the system well enough to reason about it
spontaneously. Initially, they had several questions on why the number of crossings increases as we move from
the first to the later axes, and whether these crossings mean anything, and how they relate to the statistics
column, what the colors in the statistics columns mean and so on. The Parallel Set design was not something
that they were familiar with, and it was not straightforward for them to understand the connections among

different views. It also took some time for the experts to recall the system interactions and effectively use
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i room_id host_id room_type borough neighborhood reviews overall_satisfact... ~accommodates bedrooms price minstay latitude Tongitude last_modified

8966977 31038253 ntire homelapt CENTRE DOWNTOWN CO... 45 5 2 0 il 51048086 -114.057824

SOUTH FISH CREEK PARK 2 0 4 2 6 50.926393 -114.0:

16587072 100371717 Entire home/

12251020 58377771 Entire home/apt NORTH COVENTRYHILLS 0 0 5 3 72 51161107 -114.063224
15924140 Entire home/apt WEST PATTERSON 2 0 4 2 68 51058628
16613447 Entire home/apt CENTRE CHINATOWN 1 ] 2 0 75 51052185
12246343 33608938 Entire home/apt CENTRE CRESCENTHEIG... 52 45 6 2 75 51058282
3402865 17127765 ntire homelapt NORTH SAGE HILL 14 4 2 1 61 51176809
8780 Entire home/apt NORTH HIDDEN VALLEY 1 0 6 2 60 51146934
15803533 Entire home/apt NORTH THORNCLIFFE 5 5 4 1 53 51.095969

Figure 4.6: Sample of the process SQLite file of Airbnb dataset.

Id ProfileCreationDate developer location 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
1  2008-07-31 14:22 Jeff AtwocEl Cerrito, iis-7 release visual-studio nhibe tfs com iis c# rest c+4 jquery alg facebook 1gmail linux-kernel
2 2008-07-31 14:22 Geoff DalgCorvallis, (sql-server sql security mysql c# safari sql cc# cruisecontrol.net
3 2008-07-31 14:22 Jarrod Dix Raleigh, Nivisual-studio sql security java a:gwt sql-se c# asp.net-m mvc-mini- c#f asp.netasp.net  c#f git
4  2008-07-31 14:22 Joel SpolsINew York, com c++ css vb6 sql language-ajc++ depen com c++ v c#f css c++ excel vba lexcel vb6 credit-carcexcel c++ cc video excel vba &
5  2008-07-31 14:22 Jon Gallov San Diego, ¢ss iis-6 firefox visual-studio sqlcss androi css hostinjc# asp.net c# asp.netc# directx-11
8  2008-07-31 21:33 Eggs Mcla San Diego c#
9  2008-07-3121:35 Kevin Den Oakland, (xml asp.net powershell html c# visual-stucbinding sqsvn windo node. s te node.js minode.js sql-server
11 2008-08-01 0:59 AnonymoiOakland, (.net
13 2008-08-01 4:18 Chris leste Raleigh, Nic++ gec asterisk operating-syste com ¢++ 0 c++ €55 ¢gi ¢++ €55 Uslc++ schemc++ parsin struct c++ struct c++ c++ schemc++ processcheme
16  2008-08-01 12:01 Rodrigo Si UberlA¢ndia, Minas Gerais, Brazil vb.netc# .iphone  twitter  json facebook-graph-api iphone

Figure 4.7: Sample of a CSV file of the raw StackOverflow dataset.

SET-STAT-MAP.

After a few meetings, the experts were able to explore our system by trying to accomplish some research
tasks and to give us feedback according to their aspects. We then iterate our system to a new version based
on their feedback and let them explore it again. Thanks to the experts’ feedback, we improved our system

in several ways that we could not have thought about.

4.3.1 Adding Extra Information for the Parallel Sets Axes

We realized that the experts would care about the unit of each attribute in the weather dataset as there
could be multiple possible units for an attribute we provide. For example, the temperature could be in either
Celsius or Fahrenheit. Thus, we need to provide a clear hint about the unit of each attribute for them.
We first thought about adding a tooltip, which shows up when the user hovers on an axis’ header, to give
information about the unit, but then we realized that is not obvious and intuitive enough, so we finally chose

to make use of the bottom space of the axes to show the corresponding units.

4.3.2 Adding Numeric Axes for Statistics Columns

The statistics columns view is designed for users to obtain statistical information about the sets of the last
axis of the Parallel Sets. One thing the experts complain about is the fact that even though the statistics
view is only able to get some basic distribution information, it is too hard to figure out the value ranges. To
find the value range of a statistics column, they have to check back the minimum and maximum values from
the corresponding Parallel Sets axis, which is non-intuitive and time-consuming. So they suggested adding
numeric axes on the bottom of the statistics column view, which can also fill the space that is horizontally

aligned to the units of attributes described in the previous section.
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t Userld Tech Year Location

Joff Atwood iis-7 2008 United States
Joff Atwood release 2008 United States
Jeff Atwood visuakstudio 2008 United States
Joff Atwood nhibernate 2008 United States
Joff Atwood vb.net 2008 United States
Jeff Atwood iquery. 2008 United States

Joff Atwood sql-server 2008 United States

Figure 4.8: Sample of the process SQLite file of StackOverflow dataset.

4.3.3 Using Different Colour Schemes for Attributes

We initially only provided one single colour scheme for all attributes, and experts argued that it could be
non-intuitive and increase the cognitive load for users. For example, it looks good when we use blue-to-red
schema for low-to-high temperature, but it would not work well for precipitation as blue can lead people to
think about a higher level of precipitation. So they suggested we use different colour schemes for attributes
and provided us with some colour schemes that they prefer. Figure 4.9 shows three colour schemes for

different attributes.

MinTemp Precip Precipitation Min1 RelHumi So

°C m mm ° % MJ/

Figure 4.9: Parallel Sets view uses different colour Schemes for temperature (left), precipitation
(middle), and relative humidity (right).
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4.3.4 Other Improvements

The experts also let us know about some of their preferences and we used these to set our default visualization
configurations. For example, we provided some texture combination options for the visualization and we
picked dots with different opacity as the default configuration for weather dataset visualization. We also
removed some combinations that cause confusion such as arbitrary textures and some complex textures.
Another example is that even though we provide two ways to group numerical values, the experts prefer to
use quartiles. These details make the experts feel easier to understand the data (due to the smaller number

of ribbons, less clutter, and faster interactions).

4.4 Development for Other Datasets

For the Airbnb dataset and StackOverflow dataset, we created a SET-STAT-MAP based on the natural
properties of the dataset and discussed that with some general participants to examine its generalizability.

For these datasets, we did not perform any development iterations.

4.5 Summary

We implement SET-STAT-MAP as a pure web based app and take advantage of technologies such as web
components, StencilJS, D3.js, SQLite, SQL.js, etc. For our three datasets, we process their raw data and
export each dataset as an SQLite database file for later use by the web app. During the development, we
collaborate with experts to constantly receive their feedback. This feedback helps us to better figure out their
needs and how to improve our visualization’s usability. We use this feedback for our development iterations
and made changes such as adding a display for each attribute unit, adding numerical axes for statistics

columns, using different colour schemes for attributes, etc.
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5 EVALUATIONS

SET-STAT-MAP can handle a wide range of datasets with numeric and categorical attributes, even with
geolocation information. We first examine how the performances and the visual properties of the system vary
with the changes in data dimensions (Section 5.1). We next describe our interaction with an environmental
scientist (for Weather data), with a professional with some knowledge of Airbnb and web development (Airbnb

dataset) and potential usage challenges with the StackOverflow dataset (Section 5.2).

5.1 Performance Evaluation

To evaluate the performance of SET-STAT-MAP, we analyzed its performance with the meteorological
dataset [4] on an Intel i5-1135G7 machine with 16GB RAM, where the visualization was loaded with MS
Edge 97.0.1072.55 on a 4K monitor.

5.1.1 Experimental Setup

Since different variable selections can have different visual complexities in the final visualization, we first

randomly picked three ordering of the five variables as below:

1. MaxTemp, Precipitation, Wind, RelHumi, and Solar
2. Elevation, RelHumi, Wind, Precipitation, and Solar

3. Solar, MaxTemp, MinTemp, Wind, and RelHumi

We want to evaluate how the performances vary over the choice of quartile and uniform categorization of
the variables, as well as when we change the variable count from 2 to 5. Therefore, for each ordering and for
each combination of variable count and categorization, we generated SET-STAT-MAP visualization 5 times.

We gather our raw data in two categories: visual complexity and time complexity. To evaluate the visual
complexity, between every two axes, we gather information about the number of ribbons that are displayed
in the Parallel Sets and the number of ribbons that they are crossing each other. For the time complexity, we
consider some potential time-consuming parts: the Parallel Sets rendering, the statistics columns rendering,

data querying, and categorizing data for uniform or quartiles. We record the time of these for each run.
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5.1.2 Results

After gathering the raw data, we compute some statistics and group the data by variable counts (from 2 to 5)
for each measured information. As a measure of visual complexity, we use ribbon count and ribbon crossing
count, and calculate summary statistics (average, minimum, and maximum) of three variable orderings. For
time measurements, we first calculated the averages of 5 runs for each configuration, and then we calculated
the statistics (average, minimum, and maximum) of three variable orderings. With these statistics, we plot

the statistics of each measurement by variable counts:

e the number of ribbon count (Figure 5.1)

the number of ribbon crossing count (Figure 5.2)

the time of rendering the Parallel Sets (Figure 5.3)

the time of rendering the statistics columns (Figure 5.4)

the time of querying data (Figure 5.5)
e the time of categorization for uniform and quartile (Figure 5.6)

In each plot, the measurement averages are shown as bars (blue for uniform categorizing and red for
quartile categorizing); the standard deviation is shown as the black lines over the corresponding bars. In
addition to these, we also make a table about the time taken by the potential time-consuming parts for

different variable counts as Table 5.1.

M uniform
1500 M quartile
1000
EE— a
0 2 3 4 5

number of variables

number of ribbons

Figure 5.1: Bar plot showing number of variables vs. the number of ribbons (blue bar for uniform
categorization and red bar for quartile categorization).

We realized that quartile categorizing creates more ribbons, which brings more ribbon crossing (Figure 5.2)
and statistics columns rendering time (Figure 5.4). But it does not seem to affect the Parallel Set rendering
time a lot. Also, even though different categorization methods have different complexity levels for the same

measurement configuration, it does not seem to affect the trends of each measurement value for increasing
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M uniform
200k M qurtile

100k
0 _ _ I I

2 3 4 5

number of ribbon overlaps

number of variables

Figure 5.2: Bar plot showing the number of variables vs. the number of ribbon overlaps (blue bar
for uniform categorization and red bar for quartile categorization).

M uniform
M quartile
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° ]
0
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number of variables

time of Parallel Sets rendering {ms)

Figure 5.3: Bar plot showing the number of variables vs. the time of Parallel Sets rendering (blue
bar for uniform categorization and red bar for quartile categorization).

variable counts. For the visual complexity, we found that both ribbon count (Figure 5.1) and ribbon crossing
count (Figure 5.2) show exponential increments. For the time complexity, we found that only the rendering
time of the Parallel Sets (Figure 5.3) shows exponential increment tendency; for the time of rendering statistics
columns (Figure 5.4) and time of categorization (Figure 5.6), it shows a relatively linear trend; for the data
querying time (Figure 5.5), it is relatively constant. We also noticed that, when the variable count becomes
large (such as 5 in our case), the rendering time of the Parallel Sets is the only part having an exponential

increment trend and it takes most of the time (over 98%).

When picking up less than 5 variables, it usually takes just a few seconds to load the visualization.
However, when the variable count is equal to or greater than 5, the time of rending would dramatically
increase to the level of minutes. In this process, we also found that the bottleneck is the rendering of the
Parallel Sets as the ribbon count increases significantly with an increasing variable count. Thus, our suggestion
is to use SET-STAT-MAP with less than 5 variables at one time to balance the need of getting information
and performance. In addition, applying the category number limitation and merging unimportant ones for
axes is recommended since it significantly reduces the total ribbons to be displayed, which could potentially

reduce the rendering time and the cognitive load.
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Figure 5.4: Bar plot showing the number of variables vs. the time of statistics columns rendering
(blue bar for uniform categorization and red bar for quartile categorization).
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Figure 5.5: Bar plot showing the number of variables vs. the time of data querying (blue bar for
uniform categorization and red bar for quartile categorization).

5.2 Use Cases

To evaluate the usability of the SET-STAT-MAP, we take multiple use cases with datasets from totally
different areas, which we described in the previous chapter. For the meteorological dataset, the experts
used our system and gave us feedback over several development iterations; for the Airbnb dataset, a user

participated to explore our system and complete some given tasks.

5.2.1 Meteorological Dataset

We illustrate the usage of the system by describing a use case that was run by the experts who are research
scientists and have more than ten years of experience in this field (Figure 5.7). The experts used a hydrocli-
matic data from 2013 for the Canadian Prarieis Ecozone (CPE). The CPE is cropped by a polygon covering
an area of approx. 700,000 sq km (270,000 sq miles). Users can select a subregion of interest using a mouse

drag interaction.

Workflow: The experts selected the min temp, precipitation, and wind. Since the order of the variables in
this study matters, they focused on the first two variables selected (i.e. min temp and precipitation). They

chose the quartiles view as this is more common in hydrology to look at the highest and lowest quartiles.
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number of variables vs. time of categorization
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200 M quartile
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Figure 5.6: Bar plot showing the number of variables vs. the time of categorization (blue bar for
uniform categorization and red bar for quartile categorization).

Table 5.1: Time distribution of different potential time-consuming parts for different variable counts.
(the displayed times are rounded to the nearest ms)

height Num. of var. Rendering Par. Sets Rendering Stat. col. Query Categorization

time (ms) 816 108 30 50

? percentage  81.34% 10.75% 2.95% 4.97%
time (ms) 2929 204 38 88

’ percentage  89.88% 6.27% 1.15% 2.69%
time (ms) 11277 227 40 95

! percentage  96.89% 1.95% 0.34% 0.82%
time (ms) 42127 383 41 136

° percentage  98.69% 0.90% 0.10% 0.32%

Looking at the Parallel Sets, they could immediately view that the lowest and highest quartiles of min temp
are related to lower and higher amount of precipitation, respectively. They could also tell that higher min
temp that corresponds with warmer months are associated with less wind. While colder months are expected
to be with stronger wind gusts.

The texture showed more precipitation is associated with less windy scenarios and warmer months. The
bar plot showed the monthly distribution of each selected variable. Precipitation is generally higher in the
month of July but its daily values are with the highest variability. The average monthly wind gust and its
daily variability in the months of January and November also are the highest. The background of the bar
plots in each column was identical and showed the distribution of the first selected variable, in this case, min
temp with blue being the lower quantile or dark blue being the most dominant color in January and December
and dark brown being the highest minimum temperature in the summer months and September. Finally,
the Google overlay map showed the spatial distribution of the min temperature in color and precipitation in
texture for a given month. They selected the month January and noticed that for 2013, Southern Manitoba,
east, and north Saskatchewan experienced lower temperatures than south Saskatchewan and Alberta.

The experts mentioned that the series of visualization provided by the system can be valuable for compar-
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ing key hydroclimatic variables. They also mentioned that the system, however, has its spatial and temporal
limitations: (a) The data here is only collected for the year 2013, which makes it difficult to have meaningful
comparisons with other years, comparing trends, and changes, which would be of great interest for hydrol-
ogists and for climate change research. (b) The spatial resolution of the data is coarse (36 km) which is a
challenge in understanding changes and shifts in variables over farms or urbanized areas.

We asked the experts about what tools they generally use to visualize geo-analysis results and how
SET-STAT-MAP would compare to them. They mentioned that a typical output involves a single variable
color-coded map, generated in Python or R, that can be also overlaid on a static or dynamic Google Maps.
Generally, a couple of such maps, from different periods of time with the same variable or different variables
from the same period of time, are compared side by side for decision making. In comparison, SET-STAT-MAP
is capable of showing more than one variable in one geographic location at once making the relations among
variables more detectable. The experts were enthusiastic about the prospect of SET-STAT-MAP and using
it as a tool to display various standardized hydro-climate indices at once. These indices are built over long-
term hydrological variables and traditionally, they are more indicative of drought and pluvial conditions [51].
Therefore, for future work, the experts wanted to extend our focus on using SET-STAT-MAP to present and
compare the long-term indices, such as Standardized Precipitation Index (SPI) and Soil Moisture Deficit
Index (SMDI), on one map. Another opportunity is to integrate SET-STAT-MAP with existing hydrological

models so that one can validate the models’ prediction outputs against observed data.

MinTemp Precipitatio MinTemp Precipitation ‘Wind Month - Jan
o —— —
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1185169
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i1 254,338
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Figure 5.7: A SET-STAT-MAP visualization for a meteorological dataset over Canadian Prairies.

5.2.2 Online Vacation Rental Dataset (Airbnb)

In this use case, we examine an Airbnb dataset, which is an online vacation rental dataset. The final
processed data contained many categorical and numeric attributes, e.g., room type, longitude, latitude,
bedrooms, administrative division, neighborhood, overall satisfaction, price, etc. Since this dataset contains
both categorical and numerical data, it provides a good opportunity to demonstrate the functionality of
SET-STAT-MAP in handling mixed data types. To provide an idea of the usability of the system, here we

report our interaction with a web developer with some knowledge of the Airbnb vacation rental process.
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Workflow: In this case, the dataset was explored by an Airbnb user who has been working in web develop-
ment industry for over two years and has a Bachelor degree in Computer Science. He had no experience with
Parallel Sets visualization technique and took some time to understand and get used to it. Once he become
familiar with the Parallel Sets and our basic design of the system, he started to explore the visualization in
the aspect of a tenant who wants to find an accommodation for his next vacation and a potential renter who
wants to list some of the extra rooms.

He picked room type (entire place, private room, or shared room), bedrooms (number of rooms), borough
(the city division), and price (for a night) as attributes to be visualized in the Parallel Sets view. For the
numeric attribute (price), he selected “quantile” as the categorization method in order to get even portions
of segments, which he feels more comfortable to see. Then he chose reviews (the review count) and overall
satisfaction (the rating out of five) as the attributes to be visualized in the statistics columns. After that, he
made sure the room type attribute is on the first axis and the number of bedroom attribute is on the second
axis because he wanted to see both room type (indicated with color) and the number of bedrooms (indicated
with textures) on the map.

He first wanted to know if there are adequate number of options available for the lowest price range. He
examined the color and texture combinations and quickly realized that, for the lowest price range, there is
almost no entire place available and most of the available choices are all one-bedroom private rooms. He
wanted to further investigate the spatial distribution of these available options, so he clicked the corresponding
axis segment to show all these options’ location distribution directly on the map view (Figure 5.8). The map
view surprisingly shows that the options are spreading across the whole city including the city center (where
he thought it would have just a few options in the price range). He concluded that if privacy is not a big
concern (do not require the entire place), the lowest price range has a large space of selection.

room_type bedrooms borough price reviews overall_satisfaction i Andie

S —— |
Kathym

el 00TE

Figure 5.8: Exploration of Airbnb dataset with a selection of lowest price range.

He then tried to find what kind of accommodations are most welcomed by potential tenants. He made
the last axis (price) ordering by the overall satisfaction in a descending manner (Figure 5.9). He also checked
the reviews (review count) and realized that there are no obvious differences in distribution to make sure
the review count is not a big factor in the actual overall satisfaction ratings. Then, he found that people

feel more satisfied with accommodations that provide an entire place and are located near the city center or
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main roads in the price range from $59 to $94.

room_type bedrooms borough _price reviews vel P = =
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e

Figure 5.9: Exploration of Airbnb dataset with a selection of most satisfied price range.

5.2.3 Q&A Website for Programmers (StackOverflow)

StackOverflow [10] is a well-known question-and-answer website for programmers. In this use case, we look
into a dataset of all users’ posts in StackOverflow from 2008 to 2018. We worked with a software engineering
researcher to create such a dataset of interest. Each data record contains a user ID, topic of the post, year
of the post, and country of the developer.

The primary goal to use this dataset is to examine whether SET-STAT-MAP can readily provide us with
some interesting insights about the users’ activities or posts. After creating the SET-STAT-MAP visualization
for this dataset we realized that the visualization reveals natural properties of the datasets.

Figure 5.10 shows an example of visualizing the StackOverflow dataset using SET-STAT-MAP. In this
example, we picked “Location”, “Topic”, and “Year” as the Parallel Sets axes; “United States”, “United
Kingdom”, “Canada”, and “Australia” are picked as our focus for locations; “sql”, “java”, and “html” are
picked as our focus for topics. The visualization clearly shows the ratio of developers from different countries
and the popularity of topics. However, our raw data only tracks the same group of users, who are leaving
over time, which makes the total post count to decrease year by year. This trend can be easily seen from the
last axis “year” of the Parallel Sets view, whose segments get less and less heights with increasing years. In
Figure 5.10, the statistics columns view shows information about active year count, which counts how many
years a user is active on StackOverflow (if a user has at least one post in a year, then the dataset considers
it is an active year). We can see there is a trend of people having higher active year count over years, which
is generally considered expected behaviour. In other words, because people are leaving, the remaining users
must have higher and higher active year counts. The heatmap view should give us information about the
popularity of a topic over the year, yet we see all of our selected topics are getting less and less popular,
which might be due to the users getting more and more familiar with a topic and having less need to ask a
question. Instead of getting a topic’s post count over the year, the heatmap view might provide some ideas

about which technology is more difficult (e.g., people keep asking questions). In this example, Java and SQL
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have almost the same level of post count at the beginning, but Java’s post count drops much slower than
SQL, which might indicate differences among these programming languages in different properties such as
interest level, learning rate, user community, etc.

SET-STAT-MAP visualization for the StackOverflow dataset shows some useful information. For example,
from the statistics columns view in Figure 5.10, we can see that the range of active year of HTML and Java
are quite different comparing to SQL at the end of the year. We can also see that, in the heatmap view,
even though all three topics got less and less attentions, Java has the slowest decrease speed, which is likely

because Java is relatively harder to master than the other two technologies.

html Year/Topic

II
— 1

Figure 5.10: Visualizing a StackOverflow dataset using SET-STAT-MAP.
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5.3 Summary

In this chapter, we described the scalability, generalizability, and usability of SET-STAT-MAP. For the
performance, we run multiple test cases to gather the statistics of performance and then plot them for analysis.
The results show that the ribbon count, ribbon overlaps, and rendering time all increase dramatically with
the increased variable count. Based on the results, we give our suggestion of only choosing no more than 5
variables at the same time for the visualization, which ensures both the render time and the ribbon visibility.
We also realize that the Parallel Sets view rendering takes the most proportion of the time (more than 98%
when choosing five variables). Thus, in the future, optimizing the techniques of rendering the Parallel Sets
view might largely improve SET-STAT-MAP’s scalability. For usability, we use SET-STAT-MAP to visualize
three different types of real-world datasets (Meteorological, Airbnb, StackOverflow) and it shows interesting
insights for the Meteorological and Airbnb datasets but not for the StackOverflow dataset. It reminds us that

to better use SET-STAT-MAP, we need to carefully choose the dataset and design the visualization details.
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6 DISCUSSION

From our experience, we have seen SET-STAT-MAP perform very well if both the number of axes (variables)
and the number of intervals (categories) per variable are bounded by 5. For an axis to be useful, it needs
to have at least two intervals, each corresponding to a reasonable number of data records. Since the ribbons
are likely to get split in every subsequent axes, bringing the axes with a few categories earlier in the axes
sequence may reduce the overplotting problem. It would be interesting to further investigate such conditions
for a dataset to be effectively visualized using SET-STAT-MAP. In addition, we have identified a number of

key factors that need to be carefully considered when designing a SET-STAT-MAP visualization.

Choice of axis: To effectively use SET-STAT-MAP, users need to understand the concept that the color
and texture come from the first and second axis, respectively, and the categories to be compared should be
chosen as the last axis of the Parallel Sets.

One option to ease the learning process, especially for non-scientific users, is to ask to identify impor-
tant categories. For example, after loading the data, the system can ask to choose a categorical attribute
(independent variable) over which the users would like to see the data pattern. This will be the last axis
of the Parallel Sets view. After the user chooses the attribute, the system can ask to select the categorical
and numerical attributes (dependent variables) of interest to populate the Parallel Sets and statistics column
views.

There can still be a steep learning curve to effectively use the numerical attribute as a categorical one.

In the future, it would be interesting to investigate users’ learning rate affects knowledge discovery.

Colours and opacity: One must add some transparency to the ribbons to provide users with a sense of
connectedness. This also allows users to better perceive the line patterns that appear between adjacent axes.
In a poorly designed color map, some ribbon colours may interfere with its texture. A systematic way to
choose colours would be to choose a dark color for texture and light colours for the ribbon colour map, or vice
versa. In our work, we colour the texture in gray and choose at most 8 other light colours from a perceptual
colour map [2]. Ordering of the colours is also important as it helps users better understand the distribution

of numeric ranges.

Choice of texture: Ribbon texture is an important aspect of SET-STAT-MAP design. While examining
the ribbons intersecting a line interval, the textures of the ribbons can reveal the composition of the second

axis categories. In a poorly designed texture map, thin ribbons can sometimes entirely miss the pattern or
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provide a partial pattern creating ambiguity. An example of the former problem is when a dot pattern with
varying density is used as texture. The problem of cut-off is illustrated in Figure 6.1(left), where the top
ribbon can be interpreted as a cut-off cross or wave pattern instead of the x shape. Similarly, The fourth
ribbon from the top can be seen as a cut-off circle or wave pattern instead of the circle shape.

Another problem with choosing complex patterns is that they are difficult to relate to numeric ranges.
Furthermore, overlapping ribbons makes the visualization cluttered by creating noisy patterns, as illustrated

in Figure 6.1(right), which increases users’ cognitive load.
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Figure 6.1: (left) Texture cut-off issues. (right) noisy pattern created by a combination of overlapping
textures.

Adaptive label size and mouse over: A SET-STAT-MAP design creates intervals of widely varied lengths.
Therefore, some intervals may be very thin, creating a problem for label placement, e.g., see Figure 6.2(left).
To best leverage the vertical space, a careful design must attempt to limit the number of categories per axis
that are visible simultaneously, and provide functionality such that the users can sort and scroll the category
list. Furthermore, the label size should be adaptive to the length of the line to avoid visual occlusion

(Figure 6.2(middle)), and allow users to inspect detailed information on mouse over (Figure 6.2(right)).
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Figure 6.2: (left) Label overlapping. (middle) Adaptive labelling. (right) Mouseover interaction.

Linear gradient color: The background of each cell in the statistics columns view is colored with a linear
gradient. Such a linear gradient may not create a color range with a proper perceptual balance, i.e., people
may perceive the width or strength of the colors differently than the underlying numeric values.

One problem with multiple colors appears to be with numeric ranges, where the preferred color map is
sequential or diverging. Since the adjacent colors in such a color map are perceptually close to each other,
the linear gradient may make it harder to distinguish the color boundaries (Figure 6.3). For categorical color

maps, one may obtain a background with multiple vertical stripes. We suggest minimal use of the number
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of colors since multiple vertical stripes may give rise to unwanted visual effects (e.g., McCollough effect [27]
or optical illusion) over prolonged use. Further investigation on how humans perceive such linear gradients
in a visual analytics context, or whether the benefit of gradient exceeds the potential risk can be an exciting
avenue of research.

AR —I— HI— —

Figure 6.3: Linear gradient makes the boundaries harder to distinguish.

Adaptive heatmap: The SET-STAT-MAP visualization uses a heatmap view on the map, where the cells
are colored and textured based on the first and second axis. If both these axes are numerical, then for each
cell one can choose the color and text based on the average value. However, for categorical attributes, it
needs to be based on a summary statistic. In our design, we pick the color and texture based on the highly
frequent categories. However, based on the data (e.g., when all categories are equally frequent) this may
create misleading representation. One may partially improve the problem by using an adaptive quadtree-
based heatmap [26] or by providing complex glyphs (e.g., pie charts). However, a conscious investigation is

required to shed more light on this situation.

Perceptually-motivated Parallel Sets: Our effort for stylizing ribbons to analyze the distribution of
a combination of attributes can be extended further by leveraging the idea of perceptually-motivated vi-
sualization [36] by mapping the categories of different axes with different perceptual properties. Effective
perceptually-motivated visualization is harder to design and also to interpret. However, such visualization
can still be valuable in an infographic setting, as well as to examine or extend the boundary of human

perception.

6.1 Summary

Although we argue that SET-STAT-MAP is useful to visualize multi-dimensional datasets with mixed data
types (numerical, categorical, and spatial), a poor design could ruin it. We need to be very careful to choose
the axes, colours, textures, label size, etc. Also, we should avoid using linear colour gradients for the statistics
column backgrounds because that could make the boundaries harder to distinguish. The styles for the map
view are also an important aspect to be carefully considered as they can cause higher cognitive loads and
misunderstandings. In the future, SET-STAT-MAP still has some opportunities to be improved. For example,
we can augment the categories of different axes with different perceptual properties for the Parallel Sets view

to leverage the idea of perceptual visualization.
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7 CONCLUSION

Although Parallel Coordinates and Parallel Sets visualizations are widely used to interactively explore
numerical and categorical datasets, respectively, visualization of spatial data with mixed numeric and cate-
gorical attributes is not yet well explored. To solve such a problem, we propose SET-STAT-MAP that leverages
the idea of multiple coordinated views. The design harmoniously blends an enhanced Parallel Sets view, a
statistics columns view, and a map view to visualize mixed data in a linear fashion. Our design allows users to
easily explore the pairwise attribute relationships, statistical summaries and trends, and spatial distribution
of various attributes.

We demonstrated the functionality of SET-STAT-MAP using real-life datasets. The meteorological dataset
shows how our visualization can help an environment scientist find interesting trends in meteorology; the
Airbnb dataset shows how our system can help a user to find the best match of housing listings on Airbnb;
the StackOverflow dataset exposes a bad use case for our purpose.

We also evaluated the performance of SET-STAT-MAP. The bottleneck of the system is rendering the
Parallel Sets view when the ribbon count becomes too large due to a larger variable count. So we provided
a suggestion of picking no more than 5 variables at a time to get the best balance of obtaining information
and performance. We also showed that set merging for axes could be a good idea for scalability and ease of
understanding the visualization.

Even though we found the potential of SET-STAT-MAP for visualizing complex multi-dimensional datasets,
we showed examples when it may not reveal interesting insights without a careful design. We pointed out
some key factors to be considered when designing a SET-STAT-MAP visualization.

Although SET-STAT-MAP is currently a research prototype, future work may provide a web-based im-
plementation available to developers through open-source software repositories. We believe our approach
to visualizing mixed data types will inspire future work in visualization and interface design to effortlessly

explore heterogeneous datasets.
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